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The interdependence of p53 and MDM2 is critical for proper cell survival and cell death and, when altered, can 
lead to tumorigenesis. Mitogen-activated protein kinase (MAPK) signaling pathways function in a wide variety of 
cellular processes, including cell growth, migration, differentiation, and death. Here we discovered that trans- 
forming growth factor p-activated kinase 1 (TAKl)-binding protein 1 (TAB1), an activator of TAK1 and of p38a, 
associates with and inhibits the E3 ligase activity of MDM2 toward p53 and its homolog, MDMX. Depletion of 
TAB1 inhibits MDM2 siRNA-mediated p53 accumulation and p21 induction, partially rescuing cell cycle arrest 
induced by MDM2 ablation. Interestingly, of several agents commonly used as DNA-damaging therapeutics, only 
cell death caused by cisplatin is mitigated by knockdown of TAB1. Two mechanisms are required for TAB1 to 
regulate apoptosis in cisplatin-treated cells. First, p38ot is activated by TAB1 to phosphorylate p53 N-terminal 
sites, leading to selective induction of p53 targets such as NOXA. Second, MDMX is stabilized in a TAB1- 
dependent manner and is required for cell death after cisplatin treatment. Interestingly TAB1 levels are relatively 
low in cisplatin-resistant clones of ovarian cells and in ovarian patient's tumors compared with normal ovarian 
tissue. Together, our results indicate that TAB1 is a potential tumor suppressor that serves as a functional link 
between p53-MDM2 circuitry and a key MAPK signaling pathway. 
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The protein product of the p53 gene that is frequently 
mutated in human tumors plays a central role in co- 
ordinating the cellular responses to a wide variety of 
stress signals (Vousden and Prives 2009). In those tumors 
that harbor wild-type p53 protein, the functions of p53 are 
often compromised by overexpression of MDM2 or its 
homolog, MDMX (Marine et al. 2006). Both MDM2 and 
MDMX are crucial negative regulators of p53. They bind 
to the N-terminal transactivation domain of p53 and can 
thereby inhibit p53 target gene transcription. MDM2 also 
functions as an E3 ubiquitin ligase promoting ubiquitina- 
tion and proteasomal degradation of p53, MDMX, and 
itself (Marine and Lozano 2010; Wade et al. 2010). MDMX 
is not active as an E3 ligase but can form heteroligomers 
with MDM2 and regulate the E3 ligase function of 
MDM2 (Shadfan et al. 2012). Both MDM2 and MDMX 
are crucial for keeping p53 in check under nonstressed 
conditions in mice, since deletion of either gene leads to 
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embryonic lethality unless mice also lack functional p53 
alleles (Parant et al. 2001; Migliorini et al. 2002; Marine 
et al. 2006). This suggests that MDM2 and MDMX play 
nonredundant roles in the regulation of p53. Interplay be- 
tween p53, MDM2, and MDMX may determine whether 
a cell responds to p53 activation with growth arrest or 
apoptosis (Wade et al. 2010). In response to various sources 
of cellular stress, multiple post-translational modifica- 
tions, including phosphorylation, regulate the association 
between MDM2/MDMX and p53, and, in turn, such mod- 
ifications lead to p53 stabilization and activation (Kruse 
and Gu 2009; Waning et al. 2010). Most relevant to this 
study, numerous protein kinases — including members of 
the mitogen-activated protein kinase (MAPK) family such 
as p38a, JNK (c-Jun N-terminal kinase), and ERK — have 
been shown to functionally interact with as well as phos- 
phorylate and activate p53, leading to p53 -mediated cellu- 
lar responses in response to stress stimuli (Wu 2004). 
Modulation of MDM2 and MDMX phosphorylation also 
affects their respective functions, especially toward p53 
(Chen 2012). Furthermore, several members of the dual 
specificity phosphatase family — such as Wipl, MKP1, 
PAC1, and DUSP5— that negatively regulate MAPK signal- 
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ing have been shown to be p53 targets (Janicke et al. 2008), 
while MDM2 and MDMX have also been shown to be 
substrates of MAPKs as well as phosphatases such as 
Wipl (Lu et al. 2007b ; Malmlof et al. 2007; Gilkes et al. 
2008; Zhang et al. 2009). Both p53 and MAPK signaling 
pathways regulate a wide variety of cellular processes, 
and alterations in either are often associated with cancer 
(Dhillon et al. 2007; Vousden and Prives 2009). A better 
understanding of the interplay between these two critical 
networks would provide valuable insights for tumorigen- 
esis and therapy resistance. 

Transforming growth factor p (TGFp)-activated ki- 
nase 1 (TAK1 (-binding protein 1 (TAB1, also known as 
MAP3K7IP1) is a modular adapter protein that was ini- 
tially described as an activator of TAK1 (also known as 
MAP3K7) in response to TGF(3 (Shibuya et al. 1996). TAK1 
acts as an upstream kinase for NF-kB and MAPK activa- 
tion in response to multiple stress signals (Ono et al. 2001; 
Johnson 2002). TAB1 also regulates p38a autoactivation 
through direct binding (Ge et al. 2002; Johnson 2002). 
Furthermore, AMP-activated protein kinase ( AMPK) binds 
to TAB1, increasing recruitment and activation of p38a 
in the ischemic heart (Li et al. 2005). It was also docu- 
mented that TAB1 and IKKp (IkB kinase p) form complexes 
albeit solely in breast cancer cells or normal mammary 
epithelial cells following the induction of the epithelial- 
mesenchymal transition by TGF-p (Neil and Schiemann 
2008). TAB1 possesses several seemingly distinct protein- 
binding regions. In addition to the extreme C-terminal 68 
amino acids that are sufficient for binding to and activation 
of TAK1, the C-terminal portion of TAB1 also contains 
a p38a-binding domain that precedes the TAK1 -binding 
region. Within its N-terminal portion, TAB1 contains a 
PP2C (protein phosphatase 2C)-like domain, and struc- 
tural and biochemical analysis suggests that TAB1 may 
function as a pseudophosphatase (Conner et al. 2006). This 
PP2C-like region was also found to interact with XI AP, 
a member of the inhibitor of apoptosis proteins (IAP) 
family, which has been shown to play roles in signaling 
to NF-kB and MAPK activation (Yamaguchi et al. 1999; Lu 
et al. 2007a). Therefore, through its association with several 
protein complexes, TAB1 is involved in multiple signaling 
pathways. 

Although TAB1 and TAK1 are believed to be function- 
ally entwined, each has distinct roles in the MAPK signal- 
ing cascade, and they may not always function together as 
a complex. TAK1- deficient mouse embryos die at around 
embryonic day 10 (E10) and exhibit abnormal develop- 
ment of the neural tube, while TAB 1- deficient mice die at 
a later stage of gestation due to abnormal cardiovascular 
and lung morphogenesis (Komatsu et al. 2002; Shim et al. 
2005; Inagaki et al. 2008). Additional observations have 
disputed an essential role for TAB1 in TAK1 activation 
(Shim et al. 2005; Bertelsen and Sanfridson 2007; Mendoza 
et al. 2008). 

Here, we identified TAB1 as an MDM2 -binding partner 
that modulates the E3 ligase activity of MDM2, leading to 
stabilization of MDM2, MDMX, and p53. We discovered 
that TAB1 regulates p53 -mediated outcomes such as cell 
cycle arrest under some conditions and cell death initi- 



ated by cisplatin treatment. Furthermore, our data impli- 
cate both TAB1 activation of p38a and stabilization of 
MDMX in facilitating apoptosis in response to cisplatin. 
We hypothesize that TAB1 serves as a functional link to 
regulate cross-talk between p53 and MAPK signaling 
pathways. 

Results 

TAB1 interacts with MDM2 

A high-throughput yeast two-hybrid screen was carried 
out to identify MDM2-interacting proteins (see Zhu 
et al. 2009 for more information), and multiple interacting 
clones encoding TAB1 were identified from three differ- 
ent cDNA libraries. The association of endogenous TAB1 
and MDM2 in human cells was then demonstrated using 
cell lysates from U20S cells (Fig. 1A) and HCT116 cells 
(Supplemental Fig. SI A); the specificity of the interaction 
was confirmed by the diminished signal seen when the two 
proteins were coimmunoprecipitated from extracts of U20S 
cells treated with either TAB1 or MDM2 siRNA (Fig. 1A). 

To map the region of MDM2 that is required for TAB1 
binding, a series of Flag-tagged MDM2 deletion and trun- 
cation mutants was constructed and transiently overex- 
pressed in H1299 cells together with Myc-tagged TAB1. 
Cell extracts were subjected to immunoprecipitation with 
an anti-Myc antibody followed by immunoblotting with 
an anti-Flag antibody (Supplemental Fig. SI). Our results 
indicate that amino acids 223-339 span the primary bind- 
ing sites for TAB1. However, the MDM2 N terminus 
(1-222) and MDM2 C-terminal RING-containing regions 
also interacted with TAB1 albeit weakly, indicating that 
either TAB1 interacts with multiple surfaces on MDM2 or 
its interactions are dependent on the tertiary structure of 
MDM2. 

TAB1 inhibits MDM2-mediated p53 degradation 
and ubiquitination 

To determine the functional consequences of the TAB1- 
MDM2 association, we coexpressed TAB1 with MDM2 
and p53 in U20S cells. MDM2-mediated degradation of 
p53 was markedly inhibited by TAB1 (Fig. IB). More 
significantly, the levels of endogenously expressed p53 
protein and two p53 targets (MDM2 and p21) in U20S 
cells were elevated following ectopic TAB1 expression 
(Fig. 1C). Ectopic TAK1 and TAB1 cooperated to inhibit 
MDM2-mediated p53 degradation (Fig. ID), and TAB1 
and TAK1 mutually stabilized each other (Fig. ID, cf. 
lanes 3 and 5 for TAK1 stabilization of TAB1 and lanes 5 
and 6 for TAB1 stabilization of TAK1). It is therefore 
possible that the inhibitory effect of TAK1 on MDM2 
was mediated by TAB1. A kinase-dead mutant of TAK1 
(K63W) (Yamaguchi et al. 1995) that stabilized TAB1 to 
a lesser extent (Fig. ID, cf. lanes 5 and 8) also inhibited 
p53 degradation to a correspondingly reduced extent. 
Note that both wild-type TAK1 and its kinase-dead de- 
rivative by themselves had no inhibitory effect on MDM2 
degradation of p53. 



1740 GENES & DEVELOPMENT 



Regulation of p53/MDM2/MDMX circuitry by TAB1 



B 




IP (ot-T) 



C T M C T M 



input 



MDM2 U 




Myc-TAB1 
Flag-MDM2 
HA-p53 



+ 

+ + 



I Flag-MDM2 



— HA-p53 



Myc-TAB1 



0 .5 1 2 




Jug) 

1 MDM2 



Myc-TAB1 



TAK1(KW) 
TAK1 
Myc-TAB1 
Flag-MDM2 
HA-p53 



+ 

++ + 



Figure 1. TAB1 stabilizes p53 by inhibiting 
MDM2. [A) Specificity of binding between endog- 
enous MDM2 and TAB1. [Left panel) Whole-cell 
lysates (500 |xg) from U20S cells were immuno- 
precipitated with a rabbit polyclonal anti-TABl 
antibody (a-T) or control rabbit IgG and then 
subjected to immunoblotting with anti-MDM2 
(3G5+4B11+5B10) and anti-TABl antibodies. 
(Right panel) U20S cells were transfected with 
siRNAs targeting luciferase (C), TAB1 (Tl), or 
MDM2 (M). After 48 h, whole-cell lysates (500 jig) 
were prepared and subjected to immunoprecipita- 
tion with rabbit polyclonal anti-TABl (a-T) 
followed by immunoblotting with anti-MDM2 
(3G5+4B11+5B10), anti-TAKl, and anti-TABl 
antibodies. Short (SE) and longer (LE) exposures 
of the TAB1 immunoblot are shown. (5) TAB1 
blocks degradation of p53 by coexpressed MDM2. 
U20S cells were transfected with Myc-TABl 
(1.5 |xg), Flag-MDM2 (1.5 fig), and HA-p53 (0.35 
(jug) constructs as indicated. Cell lysates were 
used for immunoblotting with anti-HA, and anti- 
Flag antibodies. A coexpressed GFP construct was 
added in each case to control for transfection efficiency and loading. (C) Ectopic expression of TAB1 stabilizes endogenous MDM2 and 
p53. U20S cells were transfected with increasing amounts of Myc-TABl (0.5, 1, 2, and 3 u.g) as indicated. Cell lysates were used for 
immunoblotting with anti-MDM2 (3G5+4B11+5B10), anti-p53 (DO-1), anti-p21, anti-Myc, and anti-Actin antibodies. (D) TAK1 cooperates 
with TAB1 to inhibit MDM2-mediated p53 degradation. U20S cells were transfected with HA-p53 (0.3 |xg) and combinations of Flag- 
MDM2 (1.5 jig), Myc-TABl (0.5 or 1 |xg), pc-TAKl (0.5 or 1 |ig), or kinase-defective pc-TAKl K63W (TAK1KW; 0.5 or 1 jig) as indicated. 
Cell lysates were used for immunoblotting with anti-Flag, anti-HA, anti-Myc (9E10), and anti-TAKl antibodies. A GFP construct was 
cotransfected in each case to control for transfection efficiency and loading. 
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In keeping with its ability to stabilize p53, TAB1 ex- 
pression inhibited the ability of MDM2 to ubiquitinate 
p53 (Fig. 2A). Ectopic TAB1 also modestly repressed MDM2 
autoubiquitination (Fig. 2B) and, more significantly, in- 
hibited MDM2 ubiquitination of MDMX, one of its 
well-known E3 ligase substrates (Fig. 2C). These results 
suggest that TAB1 functions as a general inhibitor of the 
E3 ligase activity of MDM2 albeit to varying extents. 
Note that TAB1 is not a universal inhibitor of E3 ligase/ 
proteasome machinery, as it had no inhibitory effect on 
E2F1 ubiquitination, which has been shown to be medi- 
ated by the E3 ligase Skp2 (Supplemental Fig. S2 ; Marti 
et al. 1999). 

TAB1 ablation attenuates p53 activation that results 
from knockdown of MDM2 

To evaluate how TAB1 regulates MDM2 when expressed 
at normal endogenous levels, we used two different 
siRNAs to examine the effect of TAB1 down-regulation 
on the functions of MDM2 and p53. Depletion of TAB1 in 
U20S cells did not affect the cellular levels of p53 and 
MDM2 (Fig. 3A). When we introduced MDM2 siRNA 
into U20S cells, as expected, p53 was stabilized, and p21 
expression was increased. Interestingly, upon down- 
regulation of TAB1, MDM2 knockdown-mediated p53 
stabilization was attenuated, and the levels of p21 pro- 
tein (Fig. 3A) and RNA (Fig. 3B) were also markedly 
decreased. In line with this, ablation of TAB1 partially 
rescued cell cycle arrest resulting from MDM2 knock- 
down in U20S cells (Fig. 3C). Similar restoration of the 



cell cycle was observed when MDM2 and/or TAB1 were 
ablated in HCT116 or RKO cells (Supplemental Fig. S3). 
Since p53 stabilization and p21 expression induced by 
Nutlin (a small molecule that disrupts the p53-MDM2 
interaction) were not attenuated upon TAB1 ablation, 
we surmise that TAB1 modulates p53 function through 
MDM2 (Fig. 3D). 

TAB1 mediates the apoptotic response of p53 

to cisplatin by selective induction of N OX A expression 

Based on its ability to prevent MDM2 from degrading p53, 
we anticipated that TAB1 would be required to regulate 
the MDM2-p53 circuit under a variety of stress condi- 
tions. To test this, we examined the impact of TAB1 
knockdown on a variety of different genotoxic assaults — 
including 5-fluorouracil, actinomycin D, cisplatin, dau- 
norubicin (Dauno), deferoxamine mesylate, doxorubicin, 
etoposide (ETP), hydoxyurea, neocarzinostatin (NCS), 
and taxol — in U20S cells. Unexpectedly, reduction of 
TAB1 levels had little or no effect on cell cycle arrest or 
cell death caused by all but one of these various agents 
(Supplemental Table SI). The one striking exception was 
cisplatin, where ablation of TAB1 markedly attenuated 
cell death induced by this agent as measured by analysis 
of cells with sub-Gl DNA content (Fig. 4A) or PARP 
cleavage (Fig. 4B). In both apoptosis assays, siRNA- 
mediated knockdown of TAK1 also impacted cisplatin - 
mediated cell death (Fig. 4A,B). The effects of cisplatin 
were completely abolished by the caspase inhibitor z-VAD- 
fmk, indicating that in this setting, cell death occurred by 
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Figure 2. Ectopic expression of TAB1 inhibits E3 ligase activity of MDM2. [A) TAB1 inhibits MDM2-mediated p53 polyubiquitination. 
H1299 cells were transfected with the indicated combinations of Myc-TABl (0.6 or 1.2 |xg), Flag-MDM2 (1.2 |xg) ; and p53 (0.3 |xg) 
plasmids along with an HA-ubiquitin (HA-Ub; 1.2 jxg) plasmid as indicated. The cells were treated with MG132 (20 |xM) for 4 h before 
harvesting. Whole-cell lysates were subjected to immunoprecipitation with anti-p53 (FL-393-G) antibody followed by immunoblotting 
with anti-HA antibody to detect ubiquitinated p53. [B) TAB1 inhibits MDM2 autoubiquitination. HI 299 cells were transfected with 
combinations of Myc-TABl (1.2 jxg) and Flag-MDM2 (1.2 |xg) plasmids in the presence of an HA-ubiquitin (HA-Ub; 1.2 |xg) plasmid as 
indicated. The cells were treated with MG132 as in A before harvesting. Whole-cell lysates were subjected to immunoprecipitation 
with anti-Flag antibody followed by immunoblotting with anti-HA antibody to detect ubiquitinated MDM2. (C) TAB1 inhibits MDM2- 
mediated MDMX ubiquitination. H1299 cells were transfected with combinations of HA-MDMX (0.6 |xg), Flag-MDM2 (0.8 or 1.6 |xg), 
and Myc-TABl (0.5 or 1.0 |xg) plasmids in the presence of a His-ubiquitin (His-Ub; 1.4 |xg) plasmid as indicated. The cells were treated 
with MG132 as in A before harvesting. Cells were lysed in denaturing buffer and subjected to Ni-NTA bead binding as described in the 
Materials and Methods. Ubiquitinated MDMX was detected by an anti-MDMX antibody. 



the process of apoptosis (Supplemental Fig. S4). As a 
control, ETP-induced cell death, which, as mentioned 
above, was not significantly attenuated by ablation of 
TAB1, was also abolished by z-VAD-fmk treatment (Sup- 
plemental Fig. S4). As previously reported (Bragado et al. 
2007), cisplatin treatment resulted in substantially more 
cell death in HCT116 (p53 +/+ ) than in HCT116 (p53 _/ -) 
cells, indicating that the drug requires p53 to produce 
apoptosis (Fig. 4C). Correspondingly, ablation of TAB1 
significantly reduced cisplatin-induced cell death in 
HCT1 16 (p53 +/+ ) cells but not in HCT1 16 (p53 _/ -) cells, 
indicating that TAB1 is involved in the p53-mediated 
apoptotic response (Fig. 4C). TAB1 knockdown also mod- 
ulated cisplatin-induced cell death in SkHepl liver cancer 
cells containing wild- type p53 but not in the p53-null 
Saos2 osteosarcoma cell line (Supplemental Fig. S5). Con- 
sistent with these findings, a colony formation assay 
confirmed that TAB 1 -ablated cells have a higher survival 
rate after cisplatin treatment compared with control cells 
(Fig. 4D). 

Not only was TAB1 regulation of the p53 response 
stimulus-specific, but we also found that p53 targets 
varied in their response to cisplatin. In particular, NOXA 
protein levels were increased after cisplatin treatment in 
a manner that required full expression of TAB1, while 
protein levels of p21 protein remained unchanged in the 
absence or presence of the drug with or without TAB1 
knockdown (Fig. 4E). The inability of cisplatin treatment 
to increase levels of p21 protein has been previously 
reported (Cuadrado et al. 2007). The inhibitory effect of 
TAB1 ablation also selectively affected NOXA mRNA 
levels, since it had no impact on either p21 or Puma 
(another p53 proapoptotic target) mRNA induction by 



p53 (Fig. 4F). Similar inhibition of NOXA induction in 
response to cisplatin treatment upon TAB1 ablation was 
observed in SkHepl cells (Supplemental Fig. S6). Impor- 
tantly, NOXA ablation by siRNA reduced cisplatin-in- 
duced U20S cell death to an extent similar to TAB1 
knockdown (Fig. 4G). p21 induction has been correlated 
with protection from cell death (Gartel and Tyner 2002), 
and we cannot rule out that unchanged p21 protein levels 
upon cisplatin treatment may be an additional contrib- 
uting factor to the apoptotic response. Taken together, we 
delineated a pathway whereby TAB1 leads to apoptosis in 
cells treated with cisplatin that requires selective in- 
duction of the p53 target NOXA. 

TAB1 is required for p38a-mediated p53 
phosphorylation 

Intriguingly, despite the impact on p53 -mediated cell 
death in cisplatin-treated cells, ablating TAB1 (or TAK1) 
had little effect on p53 protein levels under the conditions 
used; i.e., after 24 h of treatment with this drug (Fig. 4E). 
Since our data in Figures 1 and 2 implicated TAB1 in 
regulating p53 stability and ubiquitination, we examined 
the kinetics of p53 induction after cisplatin treatment 
and found that at an earlier time point (4 h after cisplatin 
treatment), TAB1 or TAK1 ablation led to a modest but 
reproducible attenuation of steady-state p53 levels (Sup- 
plemental Fig. S7). In line with this, p53 in cells with 
TAB1 depletion had a shorter half -life in the presence of 
cisplatin compared with cells transfected with control 
siRNA (Fig. 5A). Moreover, more ubiquitinated p53 species 
were identified in TAB 1 -ablated cells in both in vivo 
ubiquitination (Fig. 5B) and in vitro degradation (Fig. 5C) 
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tion upon ablation of MDM2. [A) Down-regula- 
tion of TAB1 attenuates p53 activation in cells 
depleted of MDM2. U20S cells were transfected 
with 25 nM each control lucif erase siRNA (C), two 
different TAB1 siRNAs (Tl and T2), or MDM2 
siRNA (M) as indicated to a total siRNA concen- 
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were prepared and then subjected to immunoblot- 
ting with anti-MDM2 (3G5+4B11+5B10), anti- 
MDMX, anti-TABl, anti-p53 (DO-1), anti-p21, 
or anti- Actin antibodies. [B] Down-regulation of 
TAB1 attenuates p53 -induced p21 transcription 
in response to MDM2 ablation. U20S cells were 
transfected with 25 nM each control luciferase 
siRNA (C), MDM2 siRNA (M), TAB1 siRNA 
(Tl or T2), or both MDM2 and TAB1 siRNAs 
(TIM or T2M) as indicated to a total siRNA 
concentration of 50 nM as in A. Forty-eight hours 
after transfection, cells were harvested, and total 
mRNAs were extracted. cDNAs were then 
reverse-transcribed, and quantitative real-time 
PCR was performed using p21 gene-specific 
primers. (C) Reducing TAB1 levels attenuates cell cycle arrest induced by MDM2 ablation. U20S cells were transfected with siRNAs 
as in A. Cells were trypsinized and fixed followed by cell cycle analysis. The plot was obtained from three separate experiments. 
[D] Attenuation of p53 -induced response by ablation of TAB1 requires p53-MDM2 interaction. U20S cells were transfected with 25 nM 
each control luciferase siRNA (C) or two different TAB1 siRNAs (Tl and T2). Forty-two hours after transfection, cells were treated with 
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G2/M 




MDM2 

MDMX 

TAB1 

p53 

P21 

Actin 



assays. At later time points after drug treatment when 
p53 levels are not affected, there may be other processes 
affected by cisplatin, such as levels or translation of p53 
mRNA. Importantly, despite its only subtle effect on p53 
protein levels, there was a significant impact of TAB1 
knockdown on p53 post-translational modifications, spe- 
cifically on phosphorylation of S15 and S46 (Fig. 5D). 

Phosphorylation of p53 at S46 has been well docu- 
mented to facilitate the apoptotic response (Oda et al. 
2000; D'Orazi et al. 2002; Mayo et al. 2005), and activation 
of p38a has been shown to mediate p53 phosphorylation at 
N-terminal sites, including SI 5 and S46 (Bulavin et al. 
1999; Kim et al. 2002). Consistent with previous reports 
that TAB1 activates p38a through either activating TAK1 
or direct binding to p38a (Ge et al. 2002; Johnson 2002), 
TAB1 knockdown prevented full phosphorylation of p38a 
at T 180 and Y182. Since treatment with a p38a inhibitor 
led to reduced p53 phosphorylation at S15 and S46 (Fig. 
5D), we believe that the activity of p53 is altered due to its 
modification by phosphorylation by p38a in a TAB1 -de- 
pendent manner. 

TAB1 has been shown to activate p38a through either 
direct binding or stimulation of TAK1 (Ge et al. 2002; 
Johnson 2002). To further investigate which kinase sig- 
naling pathway involves TAB1 to affect p53 phosphory- 
lation status and mediate a p53 response, we treated cells 
with inhibitors of TAK1 or p38a together with cisplatin 
treatment. A TAK1 kinase inhibitor (5Z-7-oxozeaenol) 
(Ninomiya-Tsuji et al. 2003) had little effect on cisplatin- 
induced cell death in U20S cells treated with control or 



TAB1 siRNAs (Supplemental Fig. S8), suggesting that the 
kinase activity of TAK1 is not essential for cisplatin- 
activated signaling pathways. Relevantly, inhibition of 
TAK1 downstream pathways (CAY10512 for NF-kB and 
SP 100625 for JNK) in U20S cells also had little effect on 
or even enhanced cisplatin-induced cell death (Supplemen- 
tal Fig. S9). Furthermore, TAB1 knockdown was still able 
to attenuate cisplatin-induced cell death in the presence 
of those inhibitors (Supplemental Fig. S9). Therefore, it is 
not likely that TAB1 works through TAK1 to regulate p53 
phosphorylation and activation after cisplatin treatment. 
On the other hand, when we preincubated U20S cells 
with a p38a inhibitor (SB203580), this compound coun- 
teracted cisplatin-induced cell death (Fig. 5E). However, 
since TAB1 knockdown could further reduce the per- 
centage of sub-Gl cells treated with the p38a inhibitor 
(Fig. 5E), this suggests that in addition to its functional 
association with p38a, TAB1 employs one or more addi- 
tional mechanisms to contribute to cisplatin-induced cell 
death. 

TAB1 contributes to p53-mediated intrinsic apoptosis 
through modulating cellular levels and localization 
of MDMX in response to cisplatin treatment 

Previous studies reported that in cisplatin-treated cells, 
MDMX has an unexpected function as a mitochondrialry 
associated proapoptotic factor in the p53-intrinsic cell 
death pathway (Mancini et al. 2004, 2009; Mancini and 
Moretti 2009). Since these investigators provided evi- 
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Figure 4. TAB1 ablation attenuates the cellular p53 
response to cisplatin treatment. [A] TAB1 knockdown 
reduces cisplatin-mediated cell death. U20S cells were 
transfected with 25 nM each control luciferase siRNA 
(C), TAB1 siRNAs (Tl and T2), or TAK1 siRNA (TK). 
Forty-eight hours after transfection, cells were treated 
with vehicle (DMSO) or cisplatin (CDDP; 5 jig/mL) for 
24 h and then trypsinized and fixed followed by cell 
cycle analysis. The plot was obtained from three sepa- 
rate experiments. [B] Cisplatin-induced Parp cleavage is 
inhibited by TAB1 ablation. U20S cells were trans- 
fected with siRNAs and treated with either vehicle 
(DMSO) or cisplatin (CDDP) as in A. Total cell lysates 
were prepared and then immunoblotted with anti-Parp 
antibody and anti- Actin antibodies. (C) Cisplatin-in- 
duced cell death is a p53-mediated response. HCT116 
(p53 +/+ ) and HCT116 (p53 _/_ ) cells were transfected 
with 25 nM each control luciferase siRNA (C) or 
TAB1 siRNA (Tl). Forty-eight hours after transfection, 
cells were treated with vehicle (DMSO) or cisplatin 
(CDDP; 10 |xg/mL) for 24 h. Cells were then trypsinized 
and fixed, followed by FACS analysis. The plot was 
derived from three separate experiments. [D] TAB1 
depletion enhances cell survival in response to cisplatin 
treatment. U20S cells were transfected with 25 nM 
each control luciferase (C) or TAB1 siRNA (Tl). Eigh- 
teen hours after transfection, cells were trypsinized, and 
8 X 10 4 cells were seeded in a 35 -mm dish. Twenty-four 
hours later, cells were treated with cisplatin for 24 h. 
Cells were then washed with PBS three times and 
incubated in fresh Dulbecco modified Eagle medium 
(DMEM) with 10% fetal bovine serum (FBS). Six days 
later, viable cells were assayed for colony formation by 
cystal violet staining. Stained plates were photo- 
graphed, and the number of colonies formed was 
manually scored using a 1-cm X 1-cm grid system and 
c T1 dmso cddp graphed as described in the Materials and Methods. (E) 

TAB1 ablation inhibits NOXA expression. U20S cells 
were transfected with 25 nM each luciferase control siRNA (C), TAB1 siRNAs (Tl and T2), or TAK1 siRNA (TK) as indicated to a total 
siRNA concentration of 50 nM and then treated with either vehicle (DMSO) or cisplatin (CDDP) as in A. Total cell lysates were 
prepared and immunoblotted with anti-MDM2 (3G5+4B11+5B10), anti-p53 (DO-1), anti-TAKl, anti-TABl, anti-p21, anti-NOXA, or 
anti- Actin antibodies. (F) TAB1 ablation has a selective effect on expression of p53 target genes. U20S cells were transfected with 25 
nM each luciferase control siRNA (C), TAB1 siRNAs (Tl and T2), or TAK1 siRNA (TK) and treated with vehicle (DMSO) or cisplatin 
(CDDP) as in E. Total mRNAs were extracted and reverse-transcribed, and then cDNAs were analyzed by quantitative real-time PCR 
using primers targeting NOXA, PUMA, and p21 genes. (G) NOXA ablation reduces cisplatin-induced apoptosis. U20S cells were 
transfected with 25 nM each luciferase control siRNA (C), NOXA siRNAs (Nl and N2), or TAB1 siRNA (Tl). Forty-eight hours after 
transfection, cells were treated with vehicle (DMSO) or cisplatin (CDDP; 5 |xg/mL) for 24 h and then trypsinized and fixed, followed by 
cell cycle analysis. 



c Tl 
HCT+/+ 



C Tl 
HCT-/- 



T1 



300 



,°200 



Li 




dence that MDMX plays a role in recruiting p53 phosphor- 
ylated at S46 to mitochondria in cisplatin-treated cells, we 
tested whether TAB1 might be involved in this process. 
Indeed, our results implicate MDMX in the regulation of 
p53 by TAB1. First, we observed reduced cellular levels 
of MDMX in cells treated with cisplatin when TAB1 (or 
TAK1) was ablated by siRNA (Fig. 6A,E). This is consistent 
with our data (shown in Fig. 2C) that TAB1 inhibited 
MDM2-mediated ubiquitination of MDMX. Second, it is 
well established that some DNA damage-inducing agents 
(via ATM activation) elicit MDM2 degradation of MDMX 
(Kawai et al. 2003; Chen et al. 2005 ; Okamoto et al. 2005; 
Pereg et al. 2005; Jin et al. 2006). Strikingly, we found that 
MDMX was significantly more resistant to degradation 



upon cisplatin treatment when compared with other 
stress stimuli such as Dauno, ETP, and NCS (Fig. 6B). 
Note that we found that Dauno and NCS induced cell 
cycle arrest while ETP induced apoptosis in U20S cells 
(data not shown), suggesting that the changes in cellular 
levels of MDMX do not correlate with any specific cell 
cycle profile. Third, consistent with the above-mentioned 
reports as well as our data that TAB1 is required for 
maximal cell death upon cisplatin treatment, ablation of 
MDMX by different siRNAs attenuated cisplatin-induced 
cell death similarly to ablation of TAB1, suggesting the 
possibility that TAB1 may participate in the cisplatin- 
mediated cellular response through modulating the cel- 
lular levels of MDMX (Fig. 6C). Finally, less mitochon- 



1744 GENES & DEVELOPMENT 



Regulation of p53/MDM2/MDMX circuitry by TAB1 



DMSO 



-LI. 



CDDP 



CHX0 10 20 40 60 0 10 20 40 60 



0 10 20 40 60 0 10 20 40 60 (min) 
-l P53 




Actin 



CHX Time (min) 



CHX Time (min) 



B 



His-Ub 



DMSO CDDP ETP 



siRNA 




CHX 



p53-Ubn 



p53-Ubn 



Figure 5. TAB1 regulates p53 phosphorylation 
via p38a signaling in cisplatin-treated cells. [A) 
TAB1 ablation accelerates p53 turnover. U20S 
cells were transfected with 25 nM each luciferase 
control siRNA (C) or TAB1 siRNA (Tl). Forty- 
eight hours after transfection, cells were treated 
with vehicle (DMSO) or cisplatin (CDDP; 5 jxg/ 
mL) for 5 h. Next, cyclohexamide (CHX; 100 |xg/ 
mL) was added, and cells were harvested at the 
indicated times. [Top panel) Cell lysates were 
subjected to immunoblotting with the indicated 
antibodies. (Bottom panel) Quantification of the 
immunoblot data was carried out using Image J 
software. (B) Endogenous p53 ubiquitination is 
increased upon TAB1 depletion in response to 
cisplatin treatment. U20S cells (~8 X 10 5 cells 
in 10-cm dishes) were transfected with 25 nM 
each luciferase control siRNA (C), TAB1 siRNA 
(T), or MDM2 siRNA (M). Six hours later, each 
plate of cells was trypsinized and replated into 
three 60-mm dishes. Twenty-four hours after the 
initial siRNA transfection, cells were transfected 
with His-tagged ubiquitin (His-Ub; 4 jxg) for 24 h 
and treated with vehicle (DMSO), cisplatin 
(CDDP; 5 jig/mL), or ETP (15 jjlM) for 5 h before 
harvesting. Cells were lysed in denaturing buffer 
and bound to Ni-NTA beads as described in the 
Materials and Methods. Ubiquitinated endoge- 
nous p53 was detected by an anti-p53 antibody 
(DO-1). (C) TAB1 plays a role in ubiquitination of 
endogenously expressed p53 in response to cis- 
platin treatment. U20S cells were transfected 
with 25 nM each luciferase control siRNA (C), 
TAB1 siRNA (Tl), or MDM2 siRNA (M). Forty- 
eight hours after transfection, cells were treated 
with cisplatin (CDDP; 5 (xg/mL) for 5 h before 
harvesting. In vitro degradation assays were per- 
formed as described in the Materials and Methods, 
and aliquots were removed from reaction mixtures at the indicated time points and subjected to immunoblotting with anti-p53 (DO-1) 
antibody. (D) A p38a inhibitor attenuates cisplatin-mediated p53 phosphorylation in U20S cells. U20S cells were transfected with 25 nM 
each luciferase control siRNA (C) or TAB1 siRNAs (Tl and T2). Forty-eight hours after transfection, cells were pretreated with the p38a 
inhibitor SB203580 (SB; 5 |xM) or DMSO for 1 h and then treated with vehicle (DMSO), cisplatin (CDDP; 5 |xg/mL), or both cisplatin and 
SB203580 (CDDP+SB) for 24 h. Total cell lysates were prepared and immunoblotted with anti-p53 (S15-p), anti-p53 (S46-p), anti-p53 (DO- 
1), anti-p38a (T180/Y182-p), and anti-p38a antibodies. (E) A p38a inhibitor attenuates cisplatin-mediated cell death in U20S cells. U20S 
cells were transfected with 25 nM each luciferase control siRNA (C) or TAB1 siRNAs (Tl and T2) and treated with p38a inhibitor 
SB203580 and cisplatin as in D. Cells were then trypsinized and fixed, followed by cell cycle analysis. 
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drially localized MDMX was detected in U20S cells treated 
with TAB1 siRNA compared with control siRNA (Sup- 
plemental Fig. S10). Thus, our results suggest that TAB1 
contributes to p53 -mediated intrinsic apoptosis through 
maintaining cellular levels of MDMX and modulating 
its localization in response to cisplatin treatment. 

TAB1 is a potential tumor suppressor, and its ablation 
contributes to cisplatin resistance 

Cisplatin is widely used in treating solid tumors, in- 
cluding testicular, ovarian, cervical, head and neck, and 
small-cell lung cancers (Basu and Krishnamurthy 2010). 
However, patients who initially respond to cisplatin ther- 
apy often develop resistance to the drug during the course 
of the treatment (Kelland 2007). To examine the relevance 



of the pathway that we delineated, we analyzed publicly 
available data sets. As shown in Figure 7 A, levels of TAB1 
were markedly lower in clonally derived cisplatin-resis- 
tant A2780 ovarian cancer cell lines than in their cisplatin- 
sensitive counterparts (Gene Expression Omnibus [GEO] 
data set no. GSE33482). A similar trend was observed in 
another data set using both cisplatin-sensitive and cis- 
pla tin-resistant HeLa cells (data not shown). Furthermore, 
TAB1 levels in human ovarian serous cystadenocarcinoma 
tumor samples were relatively low compared with normal 
ovarian tissue samples (Fig. 7B, The Cancer Genome Atlas 
[TCGA] data matrix). Interestingly, when we stratified the 
p53 status in samples, TAB1 levels also tended to be even 
lower in samples with wild-type p53 compared with sam- 
ples with p53 having missense mutation (Fig. 7C). Therefore, 
our results both suggest that TAB1 ablation contributes 
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sic apotptosis through modulating cellular levels 
of MDMX in response to cisplatin treatment. (A) 
TAB1 ablation reduces cellular levels of MDMX in 
response to cisplatin treatment. U20S cells were 
transfected with 25 nM each luciferase control 
siRNA (C), TAB1 siRNAs (Tl and T2), or TAK1 
siRNA (TK). Forty-eight hours after transfection, 
cells were treated with vehicle (DMSO) or cisplatin 
(CDDP; 5 |xg/mL) for 4 h. Total cell lysates were 
prepared, followed by immunoblotting with anti- 
MDMX and anti-Actin antibodies. (5) MDMX is 
resistant to degradation in cisplatin-treated cells. U20S cells were treated with DMSO (-), cisplatin (CDDP; 5 |xg/mL), ETP (30 ijlM), 
Dauno (0.22 ijlM), NCS (320 ng/mL), or actinomycin D (ActD; 5 nM) for 5 h. Cell lysates were prepared for immunoblotting with anti- 
MDMX and anti-Actin antibodies. (C) MDMX ablation attenuates cisplatin-mediated cell death. U20S cells were transfected with 
25 nM each luciferase control siRNA (C), TAB1 siRNA (Tl), or MDMX siRNAs (X4 and XI 1). Forty-eight hours after transfection, 
cells were treated with vehicle (DMSO) or cisplatin (CDDP; 5 |xg/mL) for an additional 24 h and then trypsinized and fixed for cell 
cycle analysis. The plot was obtained from three separate experiments. 





to cisplatin resistance and implicate TAB1 as a potential 
tumor suppressor. 

Discussion 

We report here a functional link between p53/MDM2/ 
MDMX circuitry and MAPK signaling through a new- 
found interaction between TAB1 and MDM2. Our results 
demonstrate that TAB1, a scaffold protein with multiple 
binding partners that are involved in different signaling 
pathways, is critical for p53 activation under specific con- 
ditions. TAB1, an inhibitor of MDM2 E3 ligase activity, 
is required for p53 up-regulation and cell cycle arrest 
when MDM2 is ablated. TAB1 is also a key mediator of 
p53 -dependent cell death albeit uniquely in cisplatin- 
treated cells. In response to cisplatin, TAB1 both mod- 
ulates p53 phosphorylation and activation through its 
functional interaction with p38a and regulates the cel- 
lular level of MDMX to facilitate p53 -intrinsic apoptosis 
(modeled in Fig. 7D). Several aspects of this pathway merit 
further discussion. 

TAB1 regulates p53 levels when MDM2 is ablated 

In unstressed cells, p53 is rapidly turned over due in large 
part to the E3 ligase activity of MDM2. We discovered 
that reducing TAB1 levels via siRNA affects p53 levels 
and activity only in the context of codepleted MDM2. 
One speculation is that the reduced cellular pool of 
MDM2 upon siRNA knockdown may be a better in- 
hibitory target for TAB1. Alternatively, p53 stabilization 
upon MDM2 depletion may set the cells into a "stressed" 
mode, which may trigger downstream events that some- 
how facilitate the interaction between TAB1 and MDM2. 
If the association between p53 and MDM2 were not 
disrupted under this kind of "stressed" condition, abla- 
tion of TAB1 would enhance MDM2 E3 ligase function. 

TAB1 works through p38a to activate p53 
in cisplatin-treated cells 

Since TAB1 interacts with two major cellular signaling 
proteins (TAK1 and p38a) and plays important roles in 



their respective activations, we tested which of these two 
proteins is required for TAB1 regulation of p53 after 
cisplatin treatment. TAK1 is a member of the MAPKKK 
family that, through activation of downstream kinases, 
including IKK, JNK and p38a, activates key transcription 
factors such as AP-1 and NF-kB (Landstrom 2010). TAK1 
was also reported to play a role in activation of the Snfl/ 
AMPK family, which is important for metabolic regula- 
tion in cells (Momcilovic et al. 2006; Herrero-Martin 
et al. 2009; Chang et al. 2010). The outcome of the TAK1 
signaling cascade is most likely tissue-specific and con- 
text-dependent, as TAK1 has been implicated in both 
tumor suppression (Konishi et al. 2003; Thakur et al. 
2009; Bettermann et al. 2010; Inokuchi et al. 2010) and 
tumorigenesis (Melisi et al. 2011). Unlike TAB1, both 
wild- type TAK1 and its kinase-dead derivative do not 
inhibit MDM2-mediated p53 degradation by themselves. 
However, ectopic TAK1 enhances the inhibitory effect of 
coexpressed TAB1, most likely due to its ability to sta- 
bilize TAB1 (see Fig. 1). TAB1 is itself a substrate of TAK1 
kinase (Prickett et al. 2008), and our results also suggest 
that TAK1 kinase activity is required for its ability to 
stabilize TAB1 (Figs. 1, 4). Therefore, we surmise that TAK1 
modulates the p53-MDM2 circuit through its regulatory 
effect on TAB1. However, the fact that a TAK1 -specific 
inhibitor (5Z-7-oxozeaenol) has no apparent effect on 
cisplatin-induced cell death in U20S cells implies that 
signaling via this drug does not involve TAK1 activation 
(Supplemental Fig. S8). 

In contrast to TAK1, our data strongly implicate p38a 
as a TAB1 target in regulating p53 after cisplatin treat- 
ment. p38 MAPKs, also known as stress-activated protein 
kinases, comprise four family members — p38a, p38(3, 
p387, and p388 — that possess both overlapping and spe- 
cific functions (Cuenda and Rousseau 2007). TAB1 has 
been shown to specifically interact with p38a but not 
other p38 family members (Ge et al. 2002). The roles of 
p38a are complex (Wagner and Nebreda 2009). It can 
serve as a negative regulator of cell cycle progression and 
can facilitate induction of apoptosis, indicating that it 
may function as a tumor suppressor. However, its in- 
volvement in invasion, inflammation, and angiogenesis 
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Figure 7. TAB1 levels are relatively low in cisplatin-resistant 
clones of ovarian cancer cells and in ovarian tumors. (A) Cisplatin- 
resistant ovarian cancer cell line clones have lower cellular levels 
of TAB1 compared with their cisplatin-sensitive counterparts. 
Cellular levels of TAB1 mRNA in clonally derived cisplatin- 
resistant A2780 ovarian cancer cell lines (A2780-cis) and their 
cisplatin-sensitive counterparts (A2780) were analyzed based 
on a GEO publicly available data set (GSE33482). (B) TAB1 
levels in human ovarian serous cystadenocarcinoma tumor 
samples compared with normal ovarian tissue samples. (Top 
panel) TAB1 levels (TCGA Agilent G4502A; N = 589) were 
analyzed comparing tumor samples with normal ovarian tissue 
samples. [Bottom panel) The Student's t-test (two-tailed, un- 
paired heteroscedastic t-test) was performed to verify statisti- 
cally significant difference between the tumor [N = 589) and 
normal (N = 8) samples [P- value < 0.0005). The bars within the 
box represent the median gene expression. Round circles indicate 
outliers. The asterisk indicates statistical significance. (C) Com- 
parison of TAB1 levels in ovarian serous cystadenocarcinoma 
tumor samples harboring wild-type p53 or p53 with missense 
mutations. Relative expression levels of TAB1 in tumor samples 
were analyzed based on their p53 status (wild-type, N = 77; 
mutant, N = 253). (D) Regulation of the p53/MDM2/MDMX 
circuit by TAB1. TAB1 inhibits MDM2 E3 ligase activity toward 
p53. (Left panel) Stabilization of p53 leads to cell cycle arrest. In 
response to cisplatin treatment, TAB1 also activates p38a, which 
in turn phosphorylates p53 to mediate an apoptotic response. 
(Right panel) At the same time, TAB1 modulates the cellular 
levels of MDMX and facilitates MDMX mitochondrial localiza- 
tion, which contributes to the p53 -mediated intrinsic apoptotic 
response. 

suggests that it may also have oncogenic functions. In 
response to DNA damage, activation of p38a can mediate 
apoptosis or induce a G2/M cell cycle checkpoint through 



p53-dependent and p53 -independent mechanisms (Han 
and Sun 2007). Selective nuclear accumulation of p38a in 
response to DNA damage has been suggested to increase 
the phosphorylation of p38a nuclear targets (Wood et al. 
2009). Additionally, it has been reported that TAB1 modu- 
lates intracellular localization of p38a and its downstream 
signaling (Lu et al. 2006). Our observations further sup- 
port the notion that p38a actively participates in the 
DNA damage-induced cellular response. However, inhib- 
iting p38a catalytic activity by SB203580 reduces but 
does not completely abolish the inhibitory effect of TAB1 
on p53 activation, implying that TAB1 works through 
additional mechanisms to regulate p53 function. 

Cisplatin is distinct among genotoxic agents 

in requiring TAB1 for activation of p 53 -mediated 

apoptosis 

It is remarkable that cisplatin treatment-associated cell 
death appears to be unique among the several stress- 
inducing agents that we tested in being mitigated by 
knockdown of TAB1. At this stage, we can only speculate 
on scenarios that might explain this finding. First, two 
distinct TAB 1 -regulated mechanisms (p38a activation and 
stabilized MDMX levels) are required for p53 to produce 
apoptosis in cisplatin-treated cells. Genotoxic agents such 
as ETP that activate p38a (Kurosu et al. 2005) may not be 
able to mediate MDMX-facilitated p53-intrinsic apopto- 
tic events through TAB1 because they induce MDMX 
degradation. On the other hand, while MDMX is more 
resistant to degradation by some agents, such as actino- 
mycin D (Biderman et al. 2012), those agents may not 
be able to activate p38a. Second, cisplatin but not other 
treatments may lead to phosphorylation and activation of 
TAB1 by either p38a or an unidentified protein kinase 
such that it can prevent MDM2-mediated MDMX degra- 
dation. Third, cisplatin may be unique in inhibiting the 
abililty of the Wipl phosphatase (a p53 target that nega- 
tively regulates p53, ATM, and p38a) to dephosphorylate 
and thereby inactivate p38a or TAB1. Fourth, cisplatin 
may be unique in promoting specific modifications on 
MDMX or MDM2, which affect their interactions with 
TAB1 and prevent degradation of MDMX, and/or facil- 
itating its mitochondrial function. Finally, TAB1/TAK1 
involvement in HIPK2 activation in response to Wnt-1 
signaling (Kanei-Ishii et al. 2004) may facilitate the p53 
response to cisplatin. HIPK2 has been shown to phosphor- 
ylate p53 at S46, and its function and stability are regulated 
by MDM2 depending on the dosage of the DNA damage 
agents (Rinaldo et al. 2007). It would be interesting to in- 
vestigate the interplay between TAB1, MDM2, and HIPK2 
in the cellular apoptotic response upon cisplatin treatment 
as well as determine whether cisplatin regulates relevant 
modifications in TAB1, MDM2, or MDMX. 

NOXA is selectively impacted by TAB1 knockdown 
in cisplatin-treated cells 

Our results suggest that in response to cisplatin, specific 
genes (such as NOXA) are activated to promote apoptosis. 
Furthermore, our results suggest that NOXA plays a role 
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in apoptosis in cells treated with this drug. It was pre- 
viously shown that ERK-dependent but p53 -independent 
NOXA induction is critical to cisplatin-induced cell death 
in some cell types and that a MEK inhibitor (U0126) 
attenuates cisplatin-mediated apoptosis (Sheridan et al. 
2010). When we tested this inhibitor, we found that it 
has little effect on cisplatin-induced cell death in U20S 
cells, although it greatly attenuates cell death in SkHepl 
cells (Supplemental Fig. SI 1 ). Thus, the involvement of 
the ERK signaling cascade in cisplatin-associated cyto- 
toxicity is cell type-specific, and this pathway is not the 
major player in cisplatin-mediated cell death in U20S 
cells. Further studies are needed to investigate how TAB1 
selectively regulates p53 transactivation of NOXA. It is 
noteworthy that a p38a-regulated transcription coac- 
tivator, Hamlet (pi 8), stimulates p53-dependent apo- 
ptosis in response to certain types of stresses such as 
UV and cisplatin but not in response to 7-irradiation 
(Cuadrado et al. 2007). Also in that study, it was shown 
that down-regulation of Hamlet specifically prevents 
NOXA induction. It would be interesting to test whether 
TAB1 affects the levels or function of Hamlet in response 
to cisplatin treatment, which in turn would affect p53 
transcription. 

Cisplatin is a common and effective chemotherapeutic 
agent for some forms of cancer (Basu and Krishnamurthy 
2010). That TAB1 levels are inversely correlated with 
cisplatin sensitivity (at least in A2780 ovarian cancer 
cell line-derived clones) suggests that loss of TAB1 may 
contribute to cisplatin resistance in some cases. The 
interplay between p53/MDM2/MDMX and TAB1 that 
we uncovered here may provide new insights into re- 
sistance to this drug that occurs in a significant number of 
cisplatin-treated patients, in particular those whose tu- 
mors harbor wild- type p53. It should be noted, however, 
that some tumors commonly treated with cisplatin, such 
as ovarian cancers, sustain a very high frequency of p53 
mutation. While our analysis revealed significantly lower 
levels of TAB1 in ovarian tumors with wild- type p53 
when compared with those with mutant p53, there was 
still reduced TAB1 in a subset of the latter tumors as well. 
This implies that either mutant p53 can be activated by 
TAB1 to produce cell death, which is unlikely, or TAB1 is 
playing additional p53 -independent roles in cisplatin- 
treated cells. Further studies will hopefully clarify these 
points and provide more insight into the many roles of 
TAB1 in cells. 

Materials and methods 

Plasmids and cell culture 

Flag-MDM2 (wild-type), HA-p53, Myc-MDMX, and HA-ubiq- 
uitin were described previously (Poyurovsky et al. 2003; Zhu 
et al. 2009). HA-MDMX was a gift from Dr. A. Jochemsen (Leiden 
University Medical Center, Netherlands). His-ubiquitin (pcBH 2 Ub) 
was kindly provided by Dr. R. Baer (Columbia University). Con- 
struction of a Myc-tagged TAB1 plasmid (Myc-TABl) and an 
untagged TAK1 plasmid (pcDNA-TAKl) is described in the Sup- 
plemental Material. U20S cells (osteosarcoma cells expressing 
wild- type p53), HI 299 cells (p53-null lung epithelial carcinoma 



cells), HCT116 (p53 +/+ ), and derivative HCT116 (P53" 7 -) cells 
(colon carcinoma cells; a kind gift from Dr. B. Vogelstein, Johns 
Hopkins University) were grown in Dulbecco modified Eagle 
medium (DMEM) containing 10% fetal bovine serum (FBS) at 
37°C 

Antibodies and drugs 

A complete list of the antibodies and drugs used in this study is 
provided in the Supplemental Material. 

Transfection, Western blot, and cell cycle analysis 

Transfection, Western blot, and cell cycle analysis were per- 
formed as previously described (Zhu et al. 2009). Detailed pro- 
cedures are provided in the Supplemental Material. 

Ubiquitination and degradation assays 

In vivo ubiquitination assays and in vitro degradation assays 
were carried out as previously described (Zhu et al. 2009). Detailed 
protocols are provided in Supplemental Material. 

siRNA interference 

siRNA oligonucleotides (Tl, J-004770-07 and T2, J-004770-08) 
targeting human TAB1 were purchased from Dharmacon. Re- 
ported siRNA oligonucleotides targeting luciferase (Urist et al. 
2004), human TAK1 (Bertelsen and Sanfridson 2007), MDM2 
(Jin et al. 2003), and NOXA (Nl [Sheridan et al. 2010]) were ob- 
tained from Invitrogen. Second siRNA oligonucleotides target- 
ing NOXA (N2, D-005275-07) were purchased from Dharmacon. 
siRNA oligonucleotides targeting MDMX (XI 1 [Chen et al. 2005] 
and X4 [Hs_MDM4_2 FlexiTube siRNA]) were obtained from 
Qiagen. Transfection was performed using Dharmafect 1 (Dhar- 
macon) according to the manufacturer's instructions. 

RNA extraction and quantitative RT-PCR analysis 

RNA was extracted using a Qiagen RNeasy minkit, and cDNA 
was synthesized with the QuantiTect reverse transcription kit 
(Qiagen). Samples were analyzed by quantitative real-time PCR 
on an Applied Biosystems Step One Plus instrument using the 
SYBR Green dye (Applied Biosystems). RNA expression was 
normalized to RPL32 mRNA expression. Relative levels were 
calculated by the comparative Ct method (AAC T method). Graphs 
are representative of multiple independent experiments, with 
error bars representing technical PCR replicates. Primer sequences 
are available on request. 

Colony formation assay 

U20S cells (8 X 10 4 ) transfected with either control or TAB1 
siRNAs were seeded in a 3 5 -mm dish. Twenty-four hours later, 
cells were treated with cisplatin for 24 h. Cells were then washed 
with PBS three times and incubated in fresh DMEM medium 
with 10% FBS. Six days later, cells were fixed and subjected to 
cystal violet staining. Stained dishes were photographed, and the 
number of colonies formed in each dish was manually scored 
using a 1-cm X 1-cm grid system and graphed. A more detailed 
protocol is provided in the Supplemental Material. 

Gene expression analysis 

Microarray gene expression data from a GEO publicly available 
data set (GSE33482) and TCGA human ovarian serous cystade- 
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nocarcinoma data matrix (Agilent G4502A, N = 589) were 
obtained for determining cellular levels of TAB1 in clonally 
derived cisplatin-resistant A2780 ovarian cancer cell lines 
(A2780-cis) and their cisplatin-sensitive counterparts (A2780) 
and comparing TAB1 expression between tumor samples with 
normal ovarian tissue samples, respectively. The somatic muta- 
tion data sets for gene expression of the ovarian serous cystade- 
nocarcinoma tumor samples in the TCGA data matrix were 
downloaded from the Broad Genome Data Analysis Center (GDAC) 
Firehose Analytics Platform (https://confluence.broadinstitute.org/ 
display/GDAC/Home) and analyzed to stratify tumor samples 
on the basis of p53 mutation status (wild-type or missense 
mutations), and relative TAB1 expression was analyzed. A de- 
tailed description of the statistical analysis of these data sets is 
provided in the Supplemental Material. 
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